The impact of diabetes on vascular target organ damage (TOD) is not wholly explained by conventional risk factors. African Caribbeans have a greater prevalence of diabetes and some aspects of TOD. We hypothesized that arterial stiffness, an independent cardiovascular risk factor, would be more prevalent with diabetes and in African Caribbeans with diabetes than Europeans.
I
t is well established that arteries stiffen with advancing age, even in the absence of clinically detectable atherosclerotic disease, 1 although most of this study is limited to those of white European origin. This increase in arterial stiffness is accelerated in the presence of hypertension 2 and in diabetes, 3 although in the latter case it is not clear whether the effect is independent of blood pressure (BP) and other risk factors. Arterial stiffness independently predicts cardiovascular death, after adjustment for hypertension, age, and sex, in end stage renal failure, 4, 5 essential hypertension, 6, 7 and in type 2 diabetes. 8 Mechanisms underlying arterial stiffness and its independent association with cardiovascular mortality remain unclear.
Hypertension and diabetes are two to three times more prevalent in people of Black African descent compared to Europeans. 9 Risks of target organ damage associated with these conditions, such as left ventricular hypertrophy (LVH) and end stage renal failure, is disproportionately greater in those of Black African descent even when conventional risk factors are accounted for, and in addition, pathophysiologic features of end stage renal failure and LVH appear to be different. 10 -13 We have previously demonstrated that people of Black African descent from the general population have increased arterial stiffness compared to their European counterparts, 14 and that this difference accounted, in part, for the ethnic difference in LVH. First, we hypothesized that aortic stiffness would be increased in those with diabetes in each ethnic group separately. This increase in stiffness would be unaccounted for by measures of BP and other cardiovascular risk factors. Second, we hypothesized that diabetes would have a greater effect on arterial stiffness in African Caribbeans unaccounted for by higher BP, compared to the effect on Europeans.
Methods
Explanations for population differences in disease susceptibility must be sought in representative samples of the general population, to ensure unbiased and generalizable comparisons. The additional advantage of this approach over studies that select and match on key risk factors, such as BP, is that the contribution of such factors in accounting for observed ethnic differences, thus testing mechanistic questions, a key aspect of our study, can be determined. Matching disallows such analysis.
Study Population
We performed a cross-sectional survey of a representative sample of the general population drawn from a family practice in North West London. The family practice register is probably the most accurate and comprehensive register of the general population in the UK. For people from minority ethnic groups it is estimated that more than 97% of the population is registered with a practitioner. 15 Recording of diabetes status on these registers is a requirement in the UK, and determines payment. People of Black African descent have either migrated to the UK directly from West Africa, or have arrived by way of the Caribbean. 16 From our previous study of middle-aged people in this geographic location, all respondents were first generation migrants, 91% were born in the Caribbean and 9% arrived directly from West Africa. In that study, BPs were identical in these two groups, and rates of end organ damage were similarly high. 17, 18 Men and women aged 40 to 65 years of African Caribbean and European descent stratified by age group, sex, and ethnicity, were randomly sampled, yielding 102 and 100 Europeans and Black Africans from the general population, respectively. The registers were then sampled again, stratified by age and ethnicity, to yield an additional 49 Europeans and 54 African Caribbeans with diabetes. Only those with severe limiting disease, such as cancer and HIV, and those of mixed race or non-European, nonWest African descent were excluded. All other respondents, including those with proven cardiac disease, were included. Respondents attended the Hammersmith Hospital, London, UK, for a clinical examination in the morning having fasted and refrained from smoking from midnight the night before. The study protocol was approved by the ethics committee of the Hammersmith Hospital. Informed written consent was obtained at the clinic, and all participants completed a detailed questionnaire on demographic characteristics, past medical history, medications, and lifestyle behaviors. The following measures of body size were collected: height, weight, and waist-to-hip ratio to a standard protocol. 19 Resting BP was measured at the right brachial artery three times after 5 min of rest in the lying position using an automated device (Omron 705CP, Omron Healthcare Europe B.V., Hoofddorp, the Netherlands) and an appropriate cuff size. This was repeated at the right ankle (where pulse wave velocity was to be measured). Ambulatory BP was measured during the subsequent 24 h using the Duolter monitoring system (Novocor, Cedex, France). All observers were trained in study measures, and repeatability was assessed periodically throughout the study.
Pulse wave velocity (PWV) was measured in the carotid-to-femoral, carotid-to-radial, and femoral-to-dorsalis pedis regions using the Complior (Artech Medical, Pantin, France). The PWV is directly related to arterial stiffness, and inversely to distensibility. 20 Repeatability of these measures was tested in 17 volunteers attending on two separate occasions. The coefficient of repeatability 21 (ie, 95% of differences between visits should be less than this value) was 2.48 m/sec for the carotid-to-femoral segment, 2.17 m/sec for the carotid-to-radial segment, and 4.78 m/sec for the femoral-to-dorsalis pedis segment. Other studies 22 had similar findings. These measurements were all performed on the right side. The same observers performed all measures throughout the study.
A fasting blood sample was taken for glucose measurement using the AU600 Olympus Diagnostic analyzer (Olympus Diagnostica GmbH (OLME) Hamburg, Germany), and insulin by the Abbott Axsym immunometric assay (Diamond Diagnostics, Holliston, MA).
A standardized difference of 0.50 for a given measure of arterial stiffness with 80% power and 5% significance could be detected in 45 individuals with and 90 without diabetes in each ethnic group. This is in keeping with our previous work. 23 The average of the three resting brachial BPs was used in the analyses. Skewed variables were transformed before analysis. Patients from the "general population" sample with diabetes were added to the "diabetic" group for the purpose of analysis. Adjusted mean values were estimated using analysis of co-variance, with tests for interaction. Statistical significance when comparing ethnic groups for categorical variables was calculated using the 2 test. Multiple regression techniques were used to determine the contribution of key risk factors, such as BP, to ethnic differences in PWV. In exploring mechanisms for the effect of diabetes, potential effects of age, sex, and other cardiovascular risk factors were considered. These included body size (height, weight body mass index (BMI), waist circumference, and waist-to-hip ratio), insulin resistance (fasting glucose and fasting insulin), and lipid profile (total cholesterol, cholesterol-to-HDL ratio, HDL, and triglycerides). A single variable from each of these groups was included in the final model, based on the greatest increase in the amount of variance explained by their inclusion in the bivariate model. A similar analysis strategy was used when exploring reasons for ethnic differences. Additional analyses following the same protocol were performed on a normotensive (ie, BP of Յ140/85 mm Hg and on no antihypertensive medications) group, and after the exclusion of those taking vasoactive medications. All analyses were performed using Intercooled Stata (version 7, Statacorp, TX). A P value of less than .05 was regarded as statistically significant. Interactions for diabetes and ethnicity on arterial stiffness were tested.
Results

Baseline Characteristics
The sample yielded 100 and 51 Europeans and 88 and 66 African Caribbeans without and with diabetes, respectively. People with diabetes were older than those without in both ethnic groups, and, as anticipated, had a higher resting BP, were more obese, had higher fasting insulin and fasting glucose. African Caribbeans had higher measures of resting BP than Europeans, although ambulatory BP was similar in both ethnic groups (Table 1) . African Caribbeans without diabetes were more obese than their European counterparts; however, there was no ethnic difference in any parameter of body size in those with diabetes. Total cholesterol and total cholesterol-to-HDL cholesterol ratio were more favorable in those with diabetes, probably due to higher hydroxy methyl glutaryl coenzyme A (HMG CoA) reductase inhibitor (statin) usage. Triglycerides, however, were higher and HDL was lower in Europeans with diabetes compared to those without. This was not seen in the African Caribbeans, who had a more favorable lipid profile than Europeans, both with and without diabetes. Duration and control of diabetes was similar in both ethnic groups. There was no difference in smoking rates in Europeans with and without diabetes. African Caribbeans with diabetes were more likely to have stopped smoking than those without diabetes, and overall had lower smoking rates than Europeans. Eleven Europeans and one African Caribbean without diabetes, and seven Europeans and eight African Caribbeans with diabetes gave a history of previous cardiovascular disease.
Pulse Wave Velocity
Pulse wave velocity in the elastic arteries (carotid-tofemoral segment) was greater in African Caribbeans than Europeans and greater in those with diabetes compared to those without, in both ethnic groups (Table 1 ). In the muscular carotid radial segment there was no ethnic difference in those without diabetes; however, African Caribbeans with diabetes had a markedly accelerated PWV that was not seen in Europeans, resulting in a striking ethnic difference in those with diabetes (P for ethnicity-to-diabetes interaction ϭ .002). In the predominantly muscular femoral-todorsalis pedis segment, although again there was no ethnic difference in those without diabetes, PWV was greater in those with diabetes in both ethnic groups, more so in African Caribbeans than Europeans, resulting in a marked ethnic difference in those with diabetes (P ϭ .008).
Association of Pulse Wave Velocity With Cardiovascular Risk Factors
Elastic artery stiffness was strongly associated with all measures of office BP in both ethnic groups with and without diabetes, such that a higher BP was associated with stiffer arteries ( Table 2) . Measures of ambulatory BP were similarly associated with PWV in Europeans, although not in African Caribbeans with diabetes. In those with no diabetes, PWV was positively related to measures of obesity in both ethnic groups. This was not seen in those with diabetes. There was no association between elastic artery stiffness and other conventional measures of the insulin resistance syndrome in either ethnic group with or without diabetes.
In Europeans without diabetes a positive association was seen between BP and the muscular carotid-to-radial pulse wave velocity (mean arterial pressure ␤ ϭ 0.05; P ϭ .009); however, this association was not seen in those with diabetes or either African Caribbean population.
Femoral-to-dorsalis pedis PWV was generally positively associated with resting BP in all groups; however, this association was not seen with any measure of ambulatory BP. No association was seen with any other conventional risk factor and PWV in this segment in any population group (data not shown).
Accounting for the Diabetes and Ethnicity Effect
Multivariate adjustment for conventional cardiovascular risk factors, including the best measure of resting or ambulatory BP, could not account for the diabetes difference in carotid-to-femoral PWV in either ethnic group, and carotid-to-radial and femoral-to-dorsalis pedis PWV in African Caribbeans (Table 3) . However, only the greater PWV in the carotid-to-radial segment in African Caribbeans with diabetes compared to Europeans persisted on multivariate adjustment. Ethnic differences in diabetes were markedly attenuated in the other segments.
Inclusion of antihypertensive therapy to the model had no additional impact on the amount of variance explained beyond BP alone, and exclusion of all patients on vasoactive medications made no quantitative difference to estimates of PWV, although the results were no longer In the normotensive group, the diabetes difference in PWV in the carotid-to-femoral segment persisted in both ethnic groups (P ϭ .04 and P ϭ .03 in Europeans and African Caribbeans, respectively, after full adjustment). The ethnic difference became more pronounced in the group with diabetes; however, this should be considered with caution due to the small numbers in the group.
Discussion
We have shown that people with diabetes have increased stiffness of elastic arteries in both ethnic groups studied, and that African Caribbeans have stiffer elastic arteries in the presence or absence of diabetes than Europeans. Conventional cardiovascular risk factors, including BP, obesity, insulin resistance, and dyslipidemia could not account for these diabetes differences, and although ethnic differences in those with diabetes was attenuated on multivariate analysis, African Caribbeans had a carotid-to-femoral PWV that remained 0.72 m/sec (ie, 57% of a SD) greater than Europeans.
Increased arterial stiffness has previously been demonstrated in populations with both type 1 and type 2 diabetes. 24, 25 People with type 2 diabetes have a 3-to 6-fold increased risk of cardiovascular disease compared with the general population. 26 Traditional cardiovascular risk factors such as hypertension, dyslipidemia, obesity, and hyperglycemia only account for a proportion of this excess risk. Large arterial stiffness has been demonstrated to be a cardiovascular risk factor in those with diabetes and impaired glucose tolerance, in both ethnic groups, in addition to smoking, age, and sex. 8 Interestingly, this study did not demonstrate an ethnic difference in PWV; however, it was not designed to look at population differences, but rather prognostic function of PWV, and thus sampled from secondary care clinic attenders. There is a suggestion that patients referred to secondary care may be prone to a bias in the severity of disease and complications, compared to those in the general population. 27 The report of similar PWVs in both ethnic groups within a secondary care setting demonstrates that there is no difference in the perceived severity of disease that requires hospital referral in North West London in either ethnic group.
In keeping with other work, we observed an association between carotid-to-femoral arterial stiffness and age, systolic BP, and mean arterial BP.
14 Lipid profile, fasting glucose, and insulin have been shown to predict large artery stiffness in large American cohorts 24 ; however, we saw little association between measures of insulin resistance and PWV in the carotid-to-femoral segment in any ethnic or diabetes group. Despite this, there was still increased stiffness in those with diabetes, suggesting type Table 2 . Age-adjusted ␤ regression coefficients (Ϯ SE) between pulse wave velocity in carotid femoral segment and conventional cardiovascular risk 2 diabetes may have an effect on arterial stiffness that is not mediated through conventional measures of insulin resistance, mirroring the inability of conventional risk factors to account for the elevated cardiovascular risk in diabetes compared to those without diabetes. If this is the case, previous large reports associating measures of insulin resistance and PWV may represent shared mechanistic pathways. Alternative mechanisms for the deleterious impact of diabetes on arterial stiffness beyond glucose and crude measures of insulin resistance include the effects of ambient BP within the endothelium 28, 29 and the autonomic nervous system. 30 Either of these may indicate why "office BP" had more of an impact on the final models than ambulatory BP. Alternatively there may be increases in structural responses within the elastin or collagen to environmental stressors, such as glucose leading to the formation of advanced glycation end-products (AGEs), 31, 32 dyslipidemia, 28 and increased reactive oxidative stress. 33 Within an ethnic group, any of these parameters may be involved in the etiopathogenic mechanism of increased PWV, and associated increase in cardiovascular risk, in those with diabetes; however, the intraethnic comparisons raise several additional issues. Although those of Black African descent are prone to hypertension and uniquely sensitive to its deleterious effects in the UK, they are at substantially lower risk of coronary artery disease, due, in part at least to a favorable lipid profile. 18 This natural "breaking of confounding" between ischemic heart disease and two of its biggest risk factors, namely hypertension and diabetes, may provide vital clues to the understanding of the etiopathogenesis of vascular target organ damage in these disease states. For example, a greater PWV in the carotid-to-femoral segment could be due to a number of different cardiovascular risk factors; however, the increased PWV observed in Black Africans, in both the presence and absence of diabetes, would suggest that arterial stiffness is not modulated by the same factors that drive atherosclerosis. The implication is that it is arteriosclerosis that is a major determinant of arterial stiffness as a consequence of hemodynamic disturbances. This is in keeping with the work of Ferriera et al, 34 who demonstrated in a much younger population that PWV appeared to increase more in the African Caribbean than European populations across a range of BPs. The increased arterial stiffness in Black Africans, although in keeping with the increased risk of hypertension, stroke, and LVH, does not correspond with the observed reduced ischemic heart disease mortality rate within this ethnic group. This raises the possibility that arterial stiffness is a predictor of cardiovascular death not due an association with atherosclerosis, but as a marker of cardiac workload.
Little is known about the value of assessing muscular artery PWV. Work in healthy volunteers has suggested PWV increases in the femoral-to-dorsalis pedis segment in aerobically trained male athletes compared to nontrained normal controls. 35 This challenges the belief that a faster PWV is necessarily harmful. In our study, PWV was slower in the carotid radial segment in Europeans with diabetes compared to those without, with no diabetesrelated differences in the femoral-to-dorsalis pedis segment. In contrast, African Caribbeans with diabetes had faster PWV in these segments compared to those without diabetes. One potential explanation for the different PWV responses to diabetes by ethnicity may be in vascular remodeling patterns. For example, in the left ventricle a combination of increased afterload and preload leads to hypertrophy accompanied by ventricular dilatation in Europeans, resulting in eccentric LVH pattern. In contrast, in those of Black African descent, where there is less of an increase in preload, there is luminal narrowing to compensate for ventricular wall thickening, resulting in concentric hypertrophy. 11, 17 If these remodeling changes also occur Carotid-to-femoral segment ϭ P for diabetes:ethnicity interaction ϭ .8. Carotid-to-radial segment ϭ P for diabetes:ethnicity interaction ϭ .001. Femoral-to-dorsalis pedis ϭ P for diabetes:ethnicity interaction ϭ .8.
in muscular arteries, the resultant effect, if flow were to remain unchanged, would be a much higher velocity in the vessels with the smallest diameter, whereas in those with a wider diameter, velocity would be reduced. In vivo, it is very unlikely that flow would be maintained at a constant level if the lumen were narrowed; however, the first compensatory mechanism to maintain tissue perfusion would be an increased pressure gradient across the conduit artery with a resultant "jet" effect. As disease progressed, tissue perfusion would decrease, resulting in damage to the organs supplied by these conduit arteries, and the observed increased incidence of target organ damage in Black Africans.
Study Limitations
The use of a population-based sample allows for a more generalizable exploration of associations between PWV, LVH, and potential confounders; however, statistical adjustment for these confounders may not completely adjust for nonlinear relationships. An analysis of all those patients with normal BP (ie, Ͻ140/85 mm Hg and on no antihypertensive medications) demonstrated no difference in primary outcome.
Conclusions
We have demonstrated that elevated elastic artery stiffness in the presence of diabetes cannot be accounted for by BP and other risk factors. This may contribute to the greater risk of cardiovascular disease in diabetes, also unaccounted for by conventional risk factors. The greater elastic PWV in African Caribbeans with diabetes compared to Europeans, despite a favorable lipid pattern but attenuated largely by BP differences indicates that large artery stiffness may be governed by mechanisms of arteriosclerosis rather than atherosclerosis.
The different responses of muscular artery PWV to diabetes by ethnicity, with an increase with diabetes in Black Africans, and no change or even a reduction in Europeans, may reflect differences in remodeling patterns, reflecting those seen in the left ventricle. The clinical implications of this need to be further evaluated.
